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ABSTRACT 

A new, direct vacuum ultaviolet  laser  excitation  method is used to  study  the single- 

photon autoionization of xenon atoms in the 5ps + 5p5 ns‘(--]l (14 I n s 52) and 

5pe + 5p5 nd‘[511 ( 1  6 I n I 88) autoionizing Rydberg series. From analysis of the 

nd‘ series an ionization  potential Td = 108370.88 * 0.05 cm” is obtained. This 

agrees well  with a previously-reported limit  of 108370.8 f 0.2 cm”. Fano  profile 

parameters for both series are reported, and effects of overlapping resonances is 

clearly seen in the  series widths peaking at an effective quantum number n’ = 50-60. 
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1 .  INTRODUCTION 

The spectrum of autoionizing states of xenon in the vacuum ultraviolet (VUV) was 

first observed by Beutler' using a helium discharge lamp as the light source and a  two- 

meter grating monochromator, Since that time the autoionization of Xe has been 

observed using  method^^-^ similar to  those of Beutler.  The most complete recent 

study has been by Yoshino  and  Freeman5 who measured the positions of line  maxima 

for 5 I n 5 65. 

The asymmetrical lineshape typical of autoionizing resonances was first 

analyzed using configuration interaction (CI) theory by Fano', with  Mies7 extending 

the  theory to the case of overlapping channels. The  photoionization cross  section for 

the autoionizing state with quantum numbers ne can be written in the form', 

where E,, is the energy separation from the ne resonance in units of the half-width of 

the line Y'z rn,, For a photon energy E and a  resonance energy En,, the lineshape 

parameter E,, is given by 

where A/r,, is the mean  lifetime of the state with respect  to autoionization. The 

quantity on, is the photoionization cross  section for the autoionizing channel of 
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quantum numbers ne, and a, is the direct  photoionization cross section of the non- 

interacting continuum (or continua). The asymmetry parameter g,,, in Eq.  ( 1 )  is a 

measure of t h e  coupling strength between the ground Xe 5ps state and the ne level 

modified by the continuum. 

Multichannel quantum-defect theory (MQDT) provides an alternative approach 

to characterizing autoionization line shapesg-15. Specifically, MQDT can be used to 

generate expressions similar to  that in Eq.  ( 1  )16-18, and the parametrization in MQDT 

can be shown  to be equivalent to  that of the CI f~rmalism'~. 

The Fano parameters in E q .  ( I ) ,  or those in the equivalent MQDT 

representation, have been  determined  for a number of atomic systems. Madden  and 

Codling2' used E q . ( l )  to arrive at q and r values  from the absorption spectrum of He. 

Chutjian and Carlson21  obtained values of 9 in Ar through  fitting the autoionization 

curves-of-growth. In Xe, Comes et a/.22 measured r,,, for 6 5 n I 15 in absorption. 

Bonin et a/.23 observed Xe' production using laser four-wave mixing to generate 

coherent vacuum ultraviolet (VUV) radiation,  and measured 9,,= and r l lS .  Wu et a/.24 

used photoelectron spectroscopy to arrive at the Fano parameters for the 8S'I$,  and 

the 6d'[-]1 resonances, as well as r,,, for n = 8 ,  9, IO,  12, and 14. Using the MQDT 

formalism,  Maeda et a/.25 fitted  lineshape parameters to absorption spectra  for 
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fitted lineshape 

14), nd'I,h ( 1  0 I n 3 0  

state. 

14) and nd'[-], ( 1  0 s n 5 16) series; and Koeckhoven et 3 0  
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parameters to yield  ion spectra for ns'[-], ( 8  I n s 
5 0  7 3  

5 151, and nd'[?]3 (8  I n I 20) series, and the 5 9 ' I ~ I o  
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In the present work we have  measured  autoionization  profiles  for a wide range 
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of principal quantum number n in both the ns'[-]1 series (14 5 n I 52) and 

the nd'[-]~ series (1 6 I n 5 88). The  initial  ultraviolet (UV) wavelength of 276 n m  

was  generated by a combination of frequency doubling  and  mixing  using a 10 Hz 

pulsed Nd:YAG laser. The 276 nm radiation undergoes third-harmonic generation in 

l o  
2 

3 0  
2 

a pulsed jet to produce VUV radiation.  The data analysis extends the works of Refs. 

22-26 to significantly higher n levels in t h e  ns'[-]1 and nd'[-]1 series by fitting 1 0  3 0  
2 2 

E q . ( l  ) to autoionization profiles,  and t h u s  determining the lineshape parameters qnt I 

r,, and resonance energy €,t, We also note a discrepancy in the measured 

wavelengths for the ns'[-]l series as compared with those of  Ref. 5, and find 

anomalous behavior in the values of r d ,  q,, , and qnd starting at about n' = 45.  
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2 

2. EXPERIMENTAL  ARRANGEMENT 

The  photoionization apparatus  consists of four major components. With reference  to 

Fig. 1 these  are: ( 1 )  an adjustable Nd:YAG laser system and associated nonlinear 

frequency-mixing components to produce intense, monochromatic, coherent UV 

radiation adjustable near 276.6 nm; (2) one chamber having a pulsed free jet of xenon 

serving as the nonlinear medium to produce VUV radiation  near 92.2 nm via third- 

harmonic generation; (3) a photoionization  region  which is differentially-pumped  with 

respect to  the tripling chamber; photoionization takes place  within a magnetically- 

shielded six-sided collision box electrostatically biased to reduce stray magnetic and 

electric fields; and (4) a quadrupole mass spectrometer (OMS) and associated ion 

focusing  optics for extraction, mass analysis, and detection of the Xe+  ions. Details 
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of each of the components are given in the following  four sections. 

2.1. The Laser System 

Coherent UV laser  radiation is produced by nonlinear frequency conversion of a pulsed 

laser beam. A Continuum, lnc. Q-switched Nd:YAG laser produces nanosecond-wide 

pulses of radiation at about 1064.1 nm which are etalon-narrowed to a linewidth of 

0.1 cm". The pulse  repetition rate is 10 Hz. This  infrared  radiation is frequency- 

doubled to 532.05 nm, and is used to pump a Continuum tunable dye laser at 573.5 

nm (linewidth of 0.08 cm"). Residual 1064.1 nm radiation is then frequency-doubled 

a second time  and mixed  with the dye laser output. Mixing is carried out in a KDP" 

crystal to produce 4-6 mJ/pulse of UV radiation at about 276 nm. The UV 

wavelength is tuned by adjusting the dye laser wavelength. During wavelength 

sweeps through the Rydberg series, the KDP" crystal is maintained at optimal phase- 

matching conditions by an autotracking  circuit. 

2.2. Vacuum Ultraviolet Laser Generation 

VUV radiation is generated in the range 92.0-92.8 nm with a linewidth of 0.0003 nm 

(0.35 cm"  or 0.044 meV)  through  nonlinear,  third-harmonic generation in a pulsed 

free jet of A Xe jet  provides an ideal nonlinear gaseous medium for  the 

production of VUV radiation to probe  autoionizing states approaching the 2P01,2 

ionization  limit, because of its  very  uniform  tripling  efficiency over the wavelengths 

of 
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Referring to Fig. 1 the 276 nm UV laser  beam in air is focused by a 500 mm 

focal length quartz lens onto  the Xe jet in the first chamber. The  pulsed jet is 

produced by a commercial (Lasertechnics,  lnc.) piezoelectric-actuated pulsed valve 

with a nozzle diameter of 0.25 mm. The  beam source is mounted such  that  the 

xenon beam is directed into the throat of a  250 t l s  liquid-nitrogen baffled  diffusion 

pump. Maximum tripling efficiency was found  for gas pulse widths of 250-300 p s  

with a backing pressure of approximately 240 kPa.  This corresponded to a beam 

pressure of about 28 kPa at one nozzle diameter from the nozzle. Pressure in the 

tripling chamber during operation is 1.3 x lo-* Pa. 

The tripling performance was  tested through the single-photon ionization  signal 

of xenon. In the photoionization chamber (see next Sec. 2.3) the VUV laser beam 

crossed an effusive Xe beam  on the detection axis of a quadrupole mass 

spectrometer. The third-harmonic wavelength was held at approximately 0.005 nm 

above the 2P0,,2 ionization threshold where the ionization cross  section is expected  to 

be insensitive to small variations in the VUV wavelength. The third-harmonic 

generation efficiency, assumed to be  proportional to  the measured Xe+ signal, was 

measured as a function of  the pulsed  jet  backing pressure with the VUV beam focused 

one nozzle diameter from the nozzle. From Fig. 2, one sees that the harmonic 

generation efficiency reaches  a maximum at about 250 kPa backing pressure,  a 

minimum at 350 kPa,  and a second broader maximum above 520 kPa.  This is in 

qualitative agreement with  earlier  and is characteristic of non-phase-matched 

media. 

The dependency of third-harmonic generation efficiency on the nozzle-laser 

focus distance is shown in Fig. 3. For these measurements the backing pressure was 
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held at 280 kPa, and the nozzle was moved via a translation stage and micrometer. 

The present results are in good agreement with those of Rettner et a/.30 Finally, the 

functional dependence of the photoionization  signal  on the UV (276 nm) laser power 

was measured, and results are shown in Fig. 4. The logarithmic  plot of Xe+ signal vs 

power gave a  slope of 2.9 f 0.2, consistent with a third-order process for the 92.2 

nm VUV generation. 

2.3 Photoionization  Region and Ion Detection 

A 15 mm dia aperture placed between the tripling (third-harmonic generation) chamber 

and the photoionization chamber provides  for  differential  pumping of  the two 

chambers. The operating pressure in the photoionization chamber with all beams 

running is about (8-1 3) x 1 0-4 Pa.  The unseparated VUV and UV laser wavelengths 

proceed together into the photoionization  region.  This  region in enclosed by high- 

permeability  metal  shielding to reduce the ambient magnetic field. Within the 

photoionization chamber is a six-sided  collision  box  which contains the Xe beam 

nozzle, the  entrance and  exit apertures for the UVNUV beam, and an ion exit 

aperture. The walls of this box are electrically  insulated  from one  another so that 

independent potentials may  be  applied to each face in order to minimize stray electric 

fields within the box (see Sec. 2.4). Pulsed  ion optics and a OMS are positioned 

outside t h e  box facing the ion extraction aperture. The  laser  beam path is crossed by 

an effusive Xe gas beam at the  center of the nulled collision box. The Xe+  ions 

formed through  the ionization process  are  extracted by pulsed potentials applied to  the 

sides of the nulled  box and to an  ion-lens element. The OMS resolution was adjusted 
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to  detect all the abundant Xe isotopes at 128-1 32,  134,  136 atomic mass units. The 

ions are  detected using a channel-type electron  multiplier whose output was amplified, 

discriminated, shaped and  routed to a multichannel scaler (MCS). 

The 276 nm UV laser  power is monitored simultaneously with the Xe' data 

collection.  Power is measured with a volume-absorber thermopile  having a response 

time of about 1 s .  The power level is digitized and transmitted to a personal computer 

(PC) approximately twice per second. The  laser power level is averaged and stored 

alongside the Xe' data. The ion signal is corrected after the  fact for  laser power 

variations, using the third-order dependence of signal  on power (Fig. 4). 

Autoionization spectra  are accumulated in the MCS by monitoring the Xe' yield and 

the 276 nm laser power while stepping the dye  laser through the wavelength range 

of interest. 

2.4 Elimination of Stray  Magnetic and Electric Fields 

A high-permeability  metal  shield  around the photoionization chamber reduced stray 

magnetic fields to less than lo-' T. This served to minimize electron spiraling effects 

in electron attachment experiments (see below), and reduced Zeeman  splitting effects. 

In terms of the Bohr magneton p ,  (5.788 x lo-* meV/T), the total electron angular 

momentum J ( =  1 ), and the magnetic field B ( 1  O-' T), this splitting is of order of 

magnitude pug J B  = 6 x 1 0-8 meV,  which is about six orders of magnitude less than 

the instrumental  resolution,  and hence may  be neglected. 

In order to minimize Stark shifts and broadening of the autoionizing resonances 

it is essential to reduce the level of stray electric fields in the ionization  region.  The 
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two main sources of these fields are penetrating voltages from,  for example, exterior 

lens potential; and contact potentials between conductor surfaces which  might  be of 

dissimilar metals, or  be of the  same metal but have a different surface history. The 

electric fields were minimized using a six-sided arrangement similar to  that of Frey et 

a/.31. Three pairs of  parallel plates (made of chemically-pure titanium) were positioned 

to form a 3 c m  x 3 cm x 2.5 cm box.  Potentials were applied  along each of three 

orthogonal axes with millivolt resolution to produce independently-adjustable electric 

fields strengths. Each  applied  voltage was actively  filtered to reduce ripple to less 

than 1 mV. 

Reducing the residual electric field is essential when probing high Rydberg 

states since small Stark shifts, unnoticed at low principal quantum numbers, can 

quickly obscure the closely-spaced high-n states. The minimum electric field 8 

required to produce Stark-induced 1-mixing between adjacent n-states is given by the 

Inglis-Teller 

g(rnV/crn) = 1.71 x 1 o’* 
n5 

This limit provides an estimate of the tolerable residual field strength when observing 

high-lying  Rydberg states. The  highest n observed herein was n = 88, so that  the 

stray fields would  have to be significantly less than 8=3.23 x I O 2  mV/cm in order 

to  guarantee an unperturbed state. 

In practice, the 1-mixing itself was used as  the diagnostic of electric field. The 

stray fields were reduced by scanning the VUV wavelength through a high-n state and 

adjusting the box potentials so as to minimize the linewidth of the  resonance (Le., 

reduce the 1 splitting). In this  way we found that  the fields  could be monitored and 
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reduced to within f 5 mV/cm  of zero - well below the Inglis-Teller value. Once the 

I-broadening was minimized  residual  field strengths could be further reduced by 

observing the  attachment of photoelectrons to SF,. The attachment  cross  section  to 

this  molecule is extremely sharply-peaked at low electron energies. By virtue of the 

fact  that  the  cross section varies as (electron energy)-112 one  obtains  attachment 

signals which are limited by the width of the energy distribution of the attaching 

 photoelectron^^^. To use this  method, a small amount (approximately 10%) of SF, 

was admixed to the Xe target beam, and the laser scanned across the 2P01,2 ionization 

threshold, t h u s  producing photoelectrons of energy given by the difference between 

the photon energy and the threshold energy. These electrons  are  then free to attach 

to  the admixed SF, to form SF,". The energy dependence of the electron attachment 

is established by scanning  the dye laser wavelength while  monitoring the SF,- signal 

with the QMS. This technique is analogous to  that of Ref. 33, except  that  the 

ionization here is carried out with a laser rather than with VUV from a  gas  discharge. 

Bias fields were adjusted to minimize the width of this zero-energy SF, resonance. 

Careful analysis of the attachment peak showed that the electric fields were reduced 

reproducibly to below 1 r n V / ~ m ~ ~ .  

3. RESULTS AND ANALYSIS 

The single-photon autoionization spectrum of  Xe was measured between the 2P03/2 and 

2P0112 ionization limits. The spectra  are shown in Fig. 5 for the interval A > 92.78 nm, 
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and in Fig. 6 for A < 92.37 nm. The spectra  show  the narrow ns'[$ series, and the 

adjacent broader n f l i ~ ] ~  series. The wavelength scale  was calibrated by comparing 

the  energies E,, with those published by Yoshino  and Freeman5. In the course of this 

calibration it was found that  there  was  a small but significant difference with the 

presently-measured energies E,, for the  ns'series. These differences 6A are illustrated 

in Fig. 7, and they average (6+ 2) x nm,  or about twice the laser linewidth. We 

attribute this discrepancy  to  the  fact  that  the wavelength at peak intensity  was used 

in Ref. 5 ,  whereas  the wavelengths in the present work were arrived at by fitting  line 

shapes in the adjacent ns' and (n-2)d' levels.  The agreement for the  nd' levels was 

(0.1 k0.2) x 1 0-4 nm, or  within  experimental uncertainty. 

l o  

3 0  

3.1 Lineshape  Parameters 

A fitting procedure using a double Fano  profile was used to locate peak level 

energies in the present study. The energies E,, and End were two of the fitting 

parameters. The nonconstant background beneath each ns'[-11 peak, attributable 

to t h e  adjacent (n-2)fl[3]y peak, leads to  a slight shif t  of t h e  peak of  ion 

production away from the true resonance energy; however, the fitting procedure used 

1 0  
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2 

herein to determine E,, is insensitive to even rapidly changing backgrounds caused by 

the intensity and  position of the  adjacent (n-2)&[$1 resonance. 3 0  

Assuming an absence of s'-d' coupling (non-interacting resonances) we 

parametrized the autoionization lineshape by fitting the sum of two adjacent Fano 

profiles24 to the experimentally-measured profiles. In terms of the Fano parameters 
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qnr and E,, for the individual series, one has 

where E,,, is defined as in Eq.  ( 2 ) .  The parameters were determined through  a least- 

squares fitting procedure aided by the Levenberg-Marquardt  method of searching 

parameter space35. It is expected  that  the noncoupiing assumption will break down 

when the spacings between the  adjacent ns' and (n-2)d' members approach their 

combined linewidths7, a condition present in our data  starting at n' - 45. Since 

absolute photoionization cross  sections were not measured, values of  the  cross 

sections a,, , ad , and a, were not determined. 

The line  profile parameters E,,, , r,,, and q,, obtained from the fits via Eq. (4) for 

the ns'[-], series  are listed in Table 1 at values of the principal quantum number 14 

I n I 52. Present and previous values of r,, and q,, are  shown in Figs. 8 and 9, 

respectively. One sees in Fig. 8 excellent agreement of the  present  widths r,, with 

earlier data 23-25. The present data extend previous measurements from n' = 10 to 

n* = 18,  and give excellent agreement with the expected l /nt3 dependence. 

Measurements at n' > 18 were not  possible due to lack of sufficient resolution. 

1 0  
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The parameters Endl rnd, and q,,, for the nd'[$, series  are listed in Table 2 for 3 0  

the range 16 I n I 88. Values of r,, and Q,,, are represented in Figs. 10 and 1 1 ,  

respectively, with comparison to earlier data. Present values are  consistent with 

those reported by other ~ ~ r k e r ~ ~ , ~ ~ * ~ ~ * ~ ~ * ~ ~ .  At  higher n, I-,,,, begins to approach the 

instrumental linewidth (the laser  linewidth of -0.04 meV). It t h e n  becomes 
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necessary  to  deconvolute t h e  experimental lineshape using a function that is 

representative of the instrumental lineshape to obtain the natural linewidth. In the 

present study  the instrumental lineshape is well-described by a Lorentzian form, 

allowing u s  to use the deconvolution technique of Wu, et a/. 24 The rn,, values in 

Table 2 and Fig. 8 are results of this deconvolution. 

Present measurements have extended the rnd to significantly higher n than 

previously reported; and  exhibit the expected l/n*' dependence for n" I 45. Above 

an effective quantum number n' = 45, however, I-,,, deviates from the 1 /n*', showing 

a local  maximum  for n* at about 50 (see below). 

Although the resonance widths decrease approximately as n'3, the separation 

between adjacent ns' and (n-2)d' lines decreases  faster  than n". The resonance 

widths then become comparable to  the energy separation, leading to  the possibility 

of coupling between the  two autoionization channels. It is expected that the coupled 

profile  will differ from the simple incoherent superposition of the individual  Fano 

profiles'. Hence the simple sum in Eq.  (4) may not be appropriate for defining the 

new r, 9.  The  local  maximum  near n" = 50 (Fig. 10) may  be the result of such  a 

perturbation. 

Figure 9 shows the behavior of the asymmetry parameters qnS series, and Fig. 

1 1  that for the qnd series. These parameters have been shown to be relatively 

insensitive to instrumental linewidthZ5. For the ns' series  there is good overlap of 

present and previous measurements. Overlapping measurements were not made for 

the nd' series, and present values of 9",, appear to be slightly higher than previously 

o b ~ e r v e d ~ ~ , ~ ~ ,  although the deviation is probably  within experimental error. Asymmetry 

parameters for both series  are fairly constant as a function of n, but show a 
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significant maximum at n = 48 and 58 for q,,, and qnd, respectively. This  may  be 

related to  the strong coupling between t h e  ns‘and  (n-2/d’series, and the inadequacy 

of Eq.  (4) to describe this coupling. Such a breakdown was predicted by Mies7 who 

found non-vanishing cross  terms when the interval between series members became 

small. 

3.2 Ionization  Potential and  Effective  Quantum  Numbers 

The  ionization limit to the state can be obtained using observed values of 

energies of the  ns’and  nd’ Rydberg members. The series limit T, derived from the  ne 

series can be calculated from the Rydberg formula, 

where W is the Rydberg constant and 6, is the Rydberg correction for the ne series. 

The value of T, and 6, are used as adjustable parameters in fitting Eq.  ( 5 )  to the 

energy term values E,, using a  least-squares fitting procedure. This gives a limit for 

the ns’ series of T, = 108371.23 f 0.05 cm” and a Rydberg correction 6, = 4.01. 

The nd’ series limit is Td = 108370.88 rt 0.05 cm” with 6, = 2.29. The errors 

quoted in the  two ionization  limits are derived  from the 1 0  uncertainty in the least- 

squares fitting procedure.37 It is noted that  the ns’ series limit does not agree within 

the uncertainty with the nd‘ limit. It is suspected that the perturbation caused by the 

ns’ - nd‘ coupling skews  the calculated ns’ limit  more strongly  than t h e  limit 

calculated from the experimentally more complete nd‘  series. Hence Td is expected 

to be the more accurate value. In fact, Td agrees with the limit of Yoshino  and 
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1 -  

Freeman (108370.8 f 0 . 2  ~ r n ” ) ~  and  Moore (108371 .O ~ m ” ) ~ ~ .  The present  values 

of 6, are  also in good agreement with a value 6, = 4.0053 of Ref. 24; and 6, = 4.00 

and 6, = 2.32 of Ref. 36. Other experimental values are given by Koeckhoven etaL2’ 

as 6, = 4.021 f 0.006 and 6, = 2.33 f 0.03; Wang  and Knight3’ as 6, = 4.013 

f 0.002 and 6, = 2.32 f 0.01; and Geiger4’ as 6, = 3.987 and 6, = 2.299. 

Johnson e? a/.41 give theoretically-calculated values of 6, = 3.981 and d, = 2.286. 

Upon establishing the 2P01,2 ionization limit Eq.  (5) was inverted to obtain an 

estimate of the effective principal quantum number n,’ = n - 6, for members of the ns’ 

and nd’series.  These effective quantum numbers are listed in the columns of Tables 

1 and 2. 

4. CONCLUSIONS 

Single-photon, vacuum ultraviolet (92.2 nm) laser-ionization spectroscopy  was 

1 0  3 0  used to study the xenon autoionization spectra through the ns’[-], and nd’[”11 2 2 
Rydberg series. The Fano  profile parameters q,, , qnd , r,, and rnd were determined 

for the  ns’ series in the range 14 I n I 52, and  for the  nd‘series in t h e  range 16 s 

n I 88. The present analysis extends previous analyses  to significantly  higher n. It 

is found that  at n below about 45 the  present results are in good agreement with 

other  measurements. Anomalous  behavior of the Fano parameters  above n - 50-60 

is very likely due to interfering resonance  structures as the  spacing between adjacent 

ns’ and ln-2)d’ levels approaches the combined  linewidths of the levels. The 2P01,2 

ionization limit was found to be T, = 108370.88 f 0.05 cm”, in good agreement 
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with  the  previous  measurement of Td = 108370.8 rf: 0.2 cm”. 
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Table 2. Quantum  Numbers,  Energy Levels, and Fano q, r,, Parameters for the 
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FIGURE CAPTIONS 

Figure 1 .  Schematic diagram of the laser  photoionization apparatus. The  legend is: 

Nd:YAG - 10 Hz pulsed neodymium-YAG laser; DX - doubling crystal; DyL - dye laser; 

MX - mixing crystal; QL - quartz focusing lens; TC - tripling chamber; T - wavelength- 

tripling pulsed jet  (Xe); TMPl - 250 t l s  turbomolecular pump; B - differential pumping 

baffle; IC - ionization  vacuum chamber; NB - electric-field  nulling  box; G - pulsed or 

continuous Xe target  gas; PM - power meter to measure’ 276 nm power; EC - ion 

extraction cone; IL - ion focusing lens system; P - pulsed voltage on IC and first lens 

element; QMS - quadrupole mass spectrometer; CEM - channel-type electron multiplier; 

TMP2 - 250 e/s  turbomolecular pump; PA - signal  preamplifier, PC - personal computer, 

MC - master clock to control data acquisition  and 

voltage pulses to T, G,  and P. 

Figure 2 .  Single-photon VUV ionization of Xe as a function of the pulsed-jet backing 

pressure. The third-harmonic generation efficiency is assumed to be proportional to the 

Xe+ signal. The wavelength here is 92.271 nm. The  laser is focused  one nozzle 

diameter (0.25 mm) away from the pulsed jet. Error bars are given at the la limit. 

Figure 3. Single-photon VUV photoionization of  Xe as a function of normalized 

distance x/D between the pulsed-jet  nozzle  (of diameter 0=0 .25  mm) and the laser 

focus. The third-harmonic generation efficiency is assumed to be proportional to  the Xe+ 

signal. The tripling medium is Xe gas  at  a backing pressure of 280 kPa. 
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? 

Figure 4. Single-photon VUV (92.2 nm) photoionization of Xe as a function of UV 

(276 nm) laser power. The slope is equal to 2.9 f 0.2 UV photons per  ion, 

corresponding to the power law expected for a third-order process. 

Figure 5 .  Single-photon Xe'  yield as a function of wavelength for the  wavelength 

region above 92.34 nm. The  nozzle diameter is 0.25 mm and the xenon backing pressure 

240 kPa. 

Figure 6 .  Same as Fig. 5 ,  except for the wavelength region below 92.37 nm. 

Figure 7. Comparison of resonance positions  Between Ref. 5 and present data. The 

ns'[$, Rydberg series (0)  shows an average deviation 6A of (6 f 2) x I 0-4 nm; 

whereas the nd'[--], series (B)  has an average deviation 6A of (0.1 t 0.2) x IOe4 nm. 

1 0  

3 0  
2 

Figure 8. Present and  previous measurements of the linewidth parameter r,, for 

the ns'[-]1 Rydberg series. Present data  are solid squares ( m ) ,  and other  data  are from 

Ref. 23 (A) ,  Ref. 24 ( A ) ,  Ref. 25 (0) and  Ref. 36 (0).  Also shown is the expected 7/n*3 

dependence (solid line). 

1 0  

2 

Figure 9. The asymmetry parameters q,, for the ns'[-]~ Rydberg series.  Present  data 

are solid squares (B) ,  along with data from Ref. 23 (A),  Ref. 24 (V),  and Ref. 25 (0).  

1 0  

2 
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Figure IO. Present and previous measurements of the linewidth parameter rnd for 

the nd'["11 Rydberg series. Present data  are solid squares (U) ,  and other  data  are from 

Ref. 22 (A) and Ref. 25 (0) .  Also shown is the  expected 7/na3 dependence (solid line). 

3 0  
2 

Figure 1 1 .  The asymmetry parameter g,,for the nd'[-], series.  Present  data  are solid 3 0  
2 

squares (HI, along with data from  Ref. 24 (V) and  Ref. 25 (0). 

29 



c 



0
 

0
 

0
 

h
) 

0
 

0
 

w
 

0
 

0
 

P
 

0
 

0
 

u
l 

0
 

0
 

aa 0
 

0
 



0
 

P
 

aa A
 

0
 

X
e+

 S
IG

N
A

L 
(c

ou
nt

s)
 

4
 

0
 

0
 

A
 

0
 

N
 

4
 

P
 

0
 



A
 

0
 

X
e+

 S
IG

N
A

L 
(c

ou
nt

s)
 

A
 

0
 

0
 

A
 

0
 

0
 

0
 

I 
I 

I 
I 

I 
I 

I
l

l
 

I 
I 

I 
I 

I 
I 

I
l

l
 



S 

X
e+

 S
IG

N
A

L 
(a

rb
. u

ni
ts

) 

CD
 

h
) b
 



9 

X
e+

 S
IG

N
A

L 
(a

rb
. u

ni
ts

) 

0
 

h
) 

P
 

Q
) 

1 
I 

I 
I 

I 

:
 

I- 
I 

I 
I 

I 
I 

I 



D
EV

IA
TI

O
N

 6h
 (

10
-3

 n
m

) 



1 .oo 

n > 
E w 
v) 

0.1 0 

0.01 1 I I I I I l l  1 1 

2 10 

n* 
40 



C
 

9 



0
 

0
 

d
 

0
 

4
 

4
 

A
 

0
 

a
 

0
 

0
 

I 
I 

I 
I 

I
ll

1
 

I 
I 

I 
I 

I
ll

ll
 

I 
I 

I 
I 

I 
I

ll
( 

1 
I 

I 
I 

I 
Il

l1
 

I 
I 

I 
I 

II
II

I 

I 
I 

I 
I 

I 
I

ll
 

1 
I 

I 
I 

I 
I

l
l

 
I 

I 
I 

I 
I

ll
1

1
 

I 
I 

I 
I 

I
I

I
I

I
 

I 
I 

I 
I 

I 
I

ll
1

 




